Introduction
============

Colorectal cancer (CRC) is one of the most dangerous malignancies in the world. In recent years, the morbidity and mortality of CRC showed an upward trend in China ([@b1-ol-0-0-9121]). The global cancer statistics in 2011 showed that the incidence of CRC was the third of all malignant tumors in males and the second of all malignant tumors in females, while the mortality of CRC ranked third and fourth of all malignant tumors in females and males ([@b2-ol-0-0-9121]). It has been reported that 70% of CRC is associated with somatic mutation and epigenetic variation ([@b3-ol-0-0-9121]). Therefore, the exploration of relevant regulators will provide theoretical basis and further research directions for the early diagnosis and comprehensive treatment of CRC in the future.

MicroRNAs (miRNAs) are a group of long small non-coding RNAs with 19--22 nucleotide. They are involved in the regulation of many important cellular processes, such as differentiation, cycle regulation, cell stress and apoptosis. Approximately 30% of human genes are regulated by miRNAs ([@b4-ol-0-0-9121]). It is reported that about half of the miRNA-encoding genes are located at the fragile site related to tumorigenesis, which are easily deleted, amplified or mutated in cancer cells ([@b5-ol-0-0-9121]). miR-329 is located at 14q32.31, and previous studies have shown that the expression of miR-329 functions a lot in hippocampal neuronal activity-dependent dendritic growth ([@b6-ol-0-0-9121]). Decreased expression of miR-329 is also observed in glioma cells and tumor tissues ([@b7-ol-0-0-9121]). However, the relationship between miR-329 and CRC has not been reported till now. In this study, we explored the impact of miR-329 on CRC, which provides the basis for further study on the mechanism of miR-329 and a potential target for the diagnosis and treatment of CRC.

5-Fluorouracil (5-FU) is a first-line chemotherapy drug for the treatment of CRC. It inhibits the activity of pyrimidine nucleotide rate-limiting enzyme-thymidylate synthase and affects the biosynthesis of deoxythymidylate, thereby suppressing tumor cell proliferation ([@b8-ol-0-0-9121],[@b9-ol-0-0-9121]). However, large doses of drugs make the tumor cells prone to drug resistance ([@b10-ol-0-0-9121]). Our study focused on how to improve the effect of 5-FU.

E2F family included 8 family members (E2F1-8), which are important regulatory factors in cellular processes. E2Fs encode transcriptional regulators and exert essential roles in the G1/S transition of mammalian cell ([@b11-ol-0-0-9121]). E2F1 has both cancer-promoting and tumor-suppressive activities. On the one hand, E2F1 acts as a target gene activator to induce cell transition from the G0 to the S phase. On the other hand, it induces apoptosis as a target gene inhibitor. It has been reported that miRNA-34 targets E2F-related pathways to induce apoptosis in cancer cells ([@b12-ol-0-0-9121]). However, the role of E2F1 and miR-329 in CRC chemotherapy sensitivity have not been reported. Therefore, the regulation of E2F1 by miR-329 on the chemotherapeutic effect of 5-FU is particularly significant.

Materials and methods
=====================

### miR-329 expression analysis

We used RT-qPCR to access the expression of miR-329 in CRC tissues as well as their corresponding adjacent tissues from 56 patients (aged 65.2 ± 69.5 and ranging berween 47--81 years). A total of 37 male patients and 19 female patients were diagnosed with colorectal cancer at the First People\'s Hospital of Wujiang District (Suzhou, China) between June 2015 and September 2017. Among these patients, 35 were graded with stage I+II while another 21 were graded with stage III+IV. Additionally, the expression level of miR-329 in drug-resistant and non-resistant tumor cells treated with or without 5-FU were also detected. This study was approved by the Ethics Committee of the First People\'s Hospital of Wujiang District (Suzhou, China).

### Cell culture

The HCT116 and SW480 cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) containing 10% fetal bovine serum (FBS) and 1,000 U/ml penicillin. The cells were maintained at 37°C with 5% CO~2~. The cells were digested and seeded into 6-well plates (2×10^5^/well) and cultured for 24 h. Transfection of miR-329 mimic was performed in accordance with the instructions.

### CCK-8 assays

The cells in logarithmic growth phase were digested by trypsin and then inoculated into 96-well plates (100 µl) at a density of 3×10^4^/ml. After 24 h incubation, the original medium was replaced by a mixture containing 10% CCK-8 working solution and then incubated at 37°C with 5% CO~2~ for 4 h. The absorbance value at 450 nm was read with a microplate reader (Bio-Rad, Hercules, CA, USA).

### Transwell assays

Cells transfected with or without miR-329 mimic were seeded onto pretreated Matrigel. The wells with a pore size of 8 µm were placed in a 24-well plate, and 700 µl of RPMI-1640 medium containing 15% FBS was added to the lower chamber, 200 µl starved cells were added to the upper chamber at a density of 2×10^5^/ml. Forty-eight hours later, the supernatant fluid was removed, and the cells were fixed with 4% paraformaldehyde for 20 min followed by stained with 0.1% crystal violet for 20 min. After removing the cells stranded in chambers, the cells that passed through the chamber were observed under an optical microscope (BX-42; Olympus, Tokyo, Japan) (×100 magnification) and photographed to calculate the number.

### Luciferase reporter gene assays

Cells were cultured in 24-well plates and transfected with 200 ng luciferase reporter plasmids (QIAGEN, Duesseldorf, Germany), 50 ng *Renilla* plasmids or 60 ng target gene plasmids based on different expression levels, respectively. Six hours after transfection, Wnt3a or LiCl was added to stimulate for additional 24--48 h, after which the cells were lysed and harvested by 120 µl of PLB per well. The cells were then centrifuged at 1,750 × g for 3 min, and 20 µl of cell lysate supernatant in each well were measured to achieve the Luciferase and *Renilla* fluorescence.

### Western blot analysis

Protein samples were separated by polyacrylamide gels with different concentration at 80 V for 2 h and then transferred to polyvinylidene fluoride (PVDF) membrane. After blocked in 5% defatted milk at 37°C for 1 h, the membranes were incubated with specific primary antibodies at 4°C overnight. Rabbit polyclonal caspase-3 antibody (dilution, 1:500; cat. no. ab13847), rabbit polyclonal PARP1 antibody (dilution, 1/500; cat. no. ab32138) and rabbit monoclonal Bax antibody (dilution, 1/500; cat. no. ab32503) were all purchased from Abcam (Cambridge, MA, USA). The membranes were washed with 1% Tris-buffered saline-Tween-20 (TBST) and incubated with secondary goat anti-rabbit (HRP) IgG antibody (dilution, 1/2,000; cat. no. ab6721) at room temperature for at least 1 h. After that, these protein bands were subjected to enhanced chemiluminescence (ECL) and then imaged.

### Statistical analysis

We used Statistical Product and Service Solutions (SPSS) 22.0 software (IBM, Armonk, NY, USA) for statistical analysis. Chi-square test was used to analyze clinical classification data. Kaplan-Meier survival curves were introduced for survival analysis. Independent-samples t-tests between two groups was performed for statistical test. Comparison between multiple groups was done using One-way ANOVA test followed by post hoc test (Least Significant Difference). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### miR-329 expression decreased in CRC

The expression of miR-329 showed a significant decrease in CRC tissues, especially the tumor tissues at stage III+IV with lymph node metastasis ([Fig. 1A, C and D](#f1-ol-0-0-9121){ref-type="fig"}). The patients\' total survival time was positively associated with the expression of miR-329 ([Fig. 1B](#f1-ol-0-0-9121){ref-type="fig"}; P=0.0441, HR=0.3642).

### miR-329 inhibited the viability and invasion of CRC cells

After initially identifying the expression of miR-329 in CRC tissues, we detected the expression level of miR-329 in cells with RT-qPCR ([Fig. 2A](#f2-ol-0-0-9121){ref-type="fig"}). The results showed that the miR-329 level in tumor cell lines was significantly lower than that in normal cell lines. Subsequently, we exogenously increased the level of miR-329 in cells by transfecting miR-329 mimic into HCT116 and SW480 cells ([Fig. 2B and C](#f2-ol-0-0-9121){ref-type="fig"}). CCK-8 and Transwell assays revealed that the viability and invasion ability of cells were significantly decreased after miR-329 mimic transfection ([Fig. 2D-G](#f2-ol-0-0-9121){ref-type="fig"}).

### miR-329 expression level was positively associated with the sensitivity of cancer cells to 5-FU

To determine the effects of 5-FU, different concentrations of 5-FU were used to treat the cells. The viability of cells declined in a dose-dependent manner and the viability of drug-resistant cells was significantly higher than that of non-resistant cells under the same concentration of 5-FU treatment ([Fig. 3A and C](#f3-ol-0-0-9121){ref-type="fig"}). Besides, the expression of miR-329 was also observed much lower in drug-resistant cells when compared to non-resistant cells ([Fig. 3B and D](#f3-ol-0-0-9121){ref-type="fig"}). The above data indicated that 5-FU could inhibit the vitality of cancer cells, and the sensitivity of cancer cells to 5-FU is positively associated with the expression of miR-329.

### miR-329 increased the sensitivity of CRC cells to 5-FU by decreasing the expression of E2F1

To further explore the mechanism of miR-329 in CRC, we predicted that E2F1 may be a potential target gene of miR-329 by searching the bioinformatics website (DIANA, miRanda, PicTar) ([Fig. 4A](#f4-ol-0-0-9121){ref-type="fig"}). The results of luciferase reporter assay illustrated that miR-329 reduced the relative luciferase activity of wild-type E2F1 gene but had no effect on the luciferase activity of mutant reporter plasmids, indicating that E2F1 was the direct target of miR-329 ([Fig. 4B and C](#f4-ol-0-0-9121){ref-type="fig"}). E2F1 expression was significantly higher in drug-resistant cells than that in the non-resistant cells ([Fig. 4D](#f4-ol-0-0-9121){ref-type="fig"}). After overexpression of miR-329, E2F1 expression was significantly decreased in cells ([Fig. 4E](#f4-ol-0-0-9121){ref-type="fig"}). The results of CCK-8 assay indicated that cell viability was markedly upregulated by the overexpression of E2F1, while the enhanced expression of miR-329 could partially reverse this effect. The result of this section indicated that E2F1 could reduce the chemotherapy effect on CRC, but the effect would be improved after the upregulation of miR-329 ([Fig. 4F and G](#f4-ol-0-0-9121){ref-type="fig"}).

Discussion
==========

CRC is one of the most common digestive system malignancies ([@b13-ol-0-0-9121]). With the progress of molecular biology, cell biology, immunology and other disciplines, people\'s understanding of CRC has gradually extended to deeper fields. Although chemotherapeutic drugs have been widely used in the treatment of malignant tumors, the survival status of patients with tumor metastasis/recurrence remains unsatisfactory due to the drug resistance of tumor cells and their significant differences in drug sensitivity ([@b14-ol-0-0-9121]). Therefore, the deep exploration of the biological characteristics of CRC will help to further optimize the treatment strategy and improve the efficacy of the chemotherapeutic drugs. Recently, miRNAs have been reported to participate in the development of CRC.

Accumulating evidence indicated that miRNAs may play an extremely important regulatory role in cells. Various protein-coding genes can be regulated by only one single miRNA ([@b15-ol-0-0-9121]). miRNAs are found to be dysregulated in many diseases, including cancer. The first study confirming that miRNAs are tumor-related is in the research on chronic lymphocytic leukemia (CLL), and the expression level of miR-15a and miR-16a are downregulated or absent in \~68% of CLL patients as reported ([@b16-ol-0-0-9121]). Subsequent studies also found that miRNA expression is altered in many other types of tumors, such as gastric cancer, prostate cancer, esophageal cancer and CRC ([@b17-ol-0-0-9121]). Our study found that the expression level of miR-329 was decreased in CRC. The abnormal expression of miR-329 could significantly reduce the viability and invasion ability of CRC cells.

In addition to its role in CRC pathology, miRNAs may also be involved in affecting the sensitivity of CRC to chemotherapeutic drugs. Lower expression of miR-329 in drug-resistant cells was observed than that in the non-resistant cells. Similar to our conclusion, some studies have found that the upregulation of miR-140 was also related to drug resistance in tumor treatment, which meant that miRNAs also play an indispensable role in CRC chemoresistance ([@b18-ol-0-0-9121]).

The abnormal expression of E2F1 has different functions in different tumors as reported. Previous studies have shown that the overexpression of E2F1 results in abnormal proliferation of cells and promotes tumorigenesis ([@b19-ol-0-0-9121]). Besides, the E2F1 expression is elevated in a variety of tumors, for example, lung and breast cancer ([@b20-ol-0-0-9121]). In this study, E2F1 was also observed highly expressed in drug-resistant cells and the overexpression of E2F1 significantly increased the viability of cells. However, these phenomena were partially reversed after the overexpression of miR-329. Moreover, miR-329 reduced the expression of E2F1 via directly targeting its 3′UTR, thereby enhancing the killing effect of 5-FU to CRC cells.

In conclusion, our data indicated that the expression level of miR-329 was reduced in CRC, and the overexpression of miR-329 promoted the sensitivity of 5-FU in the chemotherapy of CRC by degrading the target gene E2F1. These results may provide a theoretical basis for the gene therapy of CRC and provide an experimental basis for further study of CRC.
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![miR-329 expression decreased in CRC. (A) The expression of miR-329 in 56 cases of CRC tissues was significantly lower than that in adjacent tissues. (B) The overall survival of the miR-329-overexpressed group was significantly greater than that of the low-expression group. (C) The expression of miR-329 in stage III+IV CRC tissues was lower than that in stage I+II. (D) miR-329 was less expressed in lymph node metastatic CRC tissues than in cancer tissues with non-metastatic lymph nodes. CRC, colorectal cancer. \*P\<0.05; \*\*P\<0.01; \*\*\*P\<0.001.](ol-16-03-3587-g00){#f1-ol-0-0-9121}

![miR-329 inhibited the viability and invasion of CRC cells. (A) Among all the colorectal normal cell line (NCM460) and the CRC cell lines (HCT116, HCT15, SW480, SW620), miR-329 showed a significant decreased expression in HCT116 and SW480. (B and C) miR-329 expression was significantly increased after transfection of miR-329 mimic in HCT116 cells and SW480 cells. (D and E) Overexpression of miR-329 in HCT116 cells significantly reduced cell invasion. (F and G) Overexpression of miR-329 in SW480 cells resulted in a significant decrease in cell viability and invasion ability. CRC, colorectal cancer. \*P\<0.05; \*\*P\<0.01; \*\*\*P\<0.001.](ol-16-03-3587-g01){#f2-ol-0-0-9121}

![miR-329 expression level was positively associated with the sensitivity of cancer cells to 5-FU. (A) In HCT116 cells and drug-resistant HCT116 cells treated with different concentrations of 5-FU, cell viability decreased with the increase of 5-FU concentration, and the viability of drug-resistant HCT116 cells was higher than that of non-drug-resistant cells. (B) The expression of miR-329 in drug-resistant HCT116 cells was significantly lower than in non-resistant cells. (C) Treatment with different concentrations of 5-FU in SW480 cells and drug-resistant SW480 cells showed that cell viability was decreased with increasing concentration of 5-FU, and the viability of SW480 cells was higher than that of non-drug-resistant cells. (D) The expression of miR-329 in drug-resistant cells was significantly lower than that in non-resistant cells. 5-FU, 5-fluorouracil. \*P\<0.05; \*\*P\<0.01; \*\*\*P\<0.001.](ol-16-03-3587-g02){#f3-ol-0-0-9121}

![miR-329 enhanced the sensitivity of CRC cells to 5-FU by decreasing the expression of E2F1. (A) The binding site in E2F1 mRNA for miR-329. (B and C) Luciferase reporter assay confirmed the direct binding of E2F1 and miR-329 in HCT116 and SW480 cells. (D) E2F1 expression was significantly higher in drug-resistant cells than that in non-resistant cells. (E) The E2F1 expression was significantly reduced after upregulation of miR-329. (F and G) Overexpression of E2F1 significantly increased cell viability in HCT116 and SW480 cells, while overexpression of both E2F1 and miR-329 partially reversed the cell activity. CRC, colorectal cancer; 5-FU, 5-fluorouracil. \*P\<0.05; \*\*P\<0.01; \*\*\*P\<0.001.](ol-16-03-3587-g03){#f4-ol-0-0-9121}
